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Abstract
Hyperosmotic stress activates Na-K-2Cl3 cotransport (NKCC1) in secretory epithelia of the airways. NKCC1
activation was studied as uptake of 36Cl or 86Rb in human tracheal epithelial cells (HTEC). Application of hypertonic sucrose
or NaCl increased bumetanide-sensitive ion uptake but did not affect Na/H and Cl3/OH3(HCO33 ) exchange carriers.
Hyperosmolarity decreased intracellular volume (Vi) after 10 min from 7.8 to 5.4 Wl/mg protein and increased intracellular
Cl3 (Cl3i ) from 353 to 532 nmol/mg protein. Treatment with an K-adrenergic agent rapidly increased Cl
3
i and Vi in a
bumetanide-sensitive manner, indicating uptake of ions by NKCC1 followed by osmotically obligated water. These results
indicate that HTEC act as osmometers but lose intracellular water slowly. Hyperosmotic stress also increased the activity of
PKC-N and of the extracellular signal-regulated kinase ERK subgroup of the MAPK family. Activity of stress-activated
protein kinase JNK was not affected by hyperosmolarity. PD-98059, an inhibitor of the ERK cascade, reduced ERK activity
and bumetanide-sensitive 36Cl uptake. PKC inhibitors blocked activation of ERK indicating that PKC may be a downstream
activator of ERK. The results indicate that hyperosmotic stress activates NKCC1 and this activation is regulated by PKC-N
and ERK. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Na-K-2Cl3 cotransport (NKCC1) is an electro-
neutral cotransporter that mediates uptake of Na,
K, and Cl3 in a ratio of 1:1:2 and is inhibited by
‘loop diuretics’ such as furosemide and bumetanide.
NKCC1 engages in vectorial ion transport across ep-
ithelial cells, operating in concert with (Na+K)-
ATPase pumps and K channels at the basolateral
membrane and Cl3 channels at the apical membrane
to elicit Cl3 secretion and thus maintain water and
ion balance. In the airways, the mucosal surface of
epithelial cells is covered by a thin aqueous layer,
called the periciliary £uid layer. Evaporation to hu-
midify the airway lumen constantly draws water
from the periciliary £uid layer, increasing its osmo-
larity. The tissue responds by secreting water from
the submucosal side to the mucosal side. NKCC1
function is necessary for this response because it sup-
plies Cl3 for secretion. Although important in vivo,
there are few studies of this hyperosmotic response in
airway epithelial cells. Our previous studies demon-
strated that K1-adrenergic stimulation of primary cul-
tures of human tracheal epithelial cells (HTEC) and
0167-4889 / 02 / $ ^ see front matter ß 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 7 - 4 8 8 9 ( 0 1 ) 0 0 1 8 9 - 6
* Corresponding author. Fax: +1-216-368-4223.
E-mail address: cxl7@po.cwru.edu (C.M. Liedtke).
BBAMCR 14838 21-2-02
Biochimica et Biophysica Acta 1589 (2002) 77^88
www.bba-direct.com
cell lines derived from HTEC activates NKCC1
through a phospholipase C-diacylglycerol-dependent
signaling mechanism [1^4]. This signaling pathway
for activation of NKCC1 in HTEC requires in-
creased activity of PKC-N. We have also shown
that NKCC1 expressed in freshly isolated mammali-
an tracheal epithelial cells can be activated by envi-
ronmental stimuli, such as hyperosmotic stress and
cell shrinkage [6]. Others have now reported a similar
¢nding in di¡erent animal species [6]. The response
of HTEC to hyperosmotic stress has not been well
studied despite its relevance to genetic disorders,
such as cystic ¢brosis, that involve electrolyte trans-
port abnormalities. More importantly, signaling
pathways that lead to activation of NKCC1 during
hyperosmotic stress have not been studied.
A major transduction pathway for environmental
stimuli, such as hyperosmotic stress, is activation of
mitogen-activated protein kinases (MAPKs). Hyper-
osmolarity can activate several MAPK cascades and,
in some cells, multiple MAPK cascades. The involve-
ment of MAPK subgroups has been reported for
hypertonic NaCl responses in renal epithelial cells
[7^9] and for K1-adrenergic-mediated activation of
myocardial Na-K-2Cl3 cotransport [10]. In addi-
tion to hypertonicity, purinergic stimulation of
MDCK cells enriched in intercalated principal cells
inhibited NKCC1 through the activation of MAPK
signaling cascades which led to phosphorylation and
elevated activity of ERK2 (extracellular receptor ki-
nase) and JNK (c-Jun NH2-terminal kinase) [11].
Shrinkage of endothelial cells activated NKCC1
and apparently simultaneously increased the activity
of JNK [12]. Only recently has the cellular response
to hypertonicity been studied in secretory epithelia of
the airway and colon [13]. In an airway epithelial
Calu-3 cell line and in T84 and HT29 colonic epithe-
lial cell lines, application of s 150 mOsm/l NaCl,
urea or mannitol reduced the amount of CFTR
mRNA through a p38 MAPK cascade activity.
PD08059, an inhibitor of ERK MAPK, had no e¡ect
on the CFTR gene expression in colonic cells.
Activation of MAPKs is achieved by distinct intra-
cellular signaling pathways; in some cells, PKC is an
upstream activator of MAPK. Recent reports impli-
cate speci¢c PKC isotypes with activation of
MAPKs. In human tracheobronchial epithelial cells,
transcriptional induction of squamous cell di¡eren-
tiation marker SPRR1B by PMA is blocked by a
PKC inhibitor, dominant negative PKC-N mutant
and rottlerin [14]. JNK is required for this e¡ect.
In the IEC-18 intestinal epithelial cell line, the
PKC-N activator bistratene A promoted transloca-
tion of PKC-N and activation of ERK, leading
to cytostasis [15]. Activity of PKC-O is associated
with ischemic preconditioning of cardiac myocytes,
which activates JNK via a PKC-O-dependent signal-
ing pathway [16]. In addition, overexpression of
PKC-O led to increased PKC-O activity and enhanced
the phosphorylation activities of ERK2 and JNK
[17].
Our previous discovery that PKC-N is necessary
for agonist-stimulated NKCC1 led us to investigate
the role for PKC-N in hyperosmotic-induced NKCC1
activity. Previous studies were performed using pri-
mary cultures of HTEC, which we also use in this
study. The hypothesis of this study is that two sub-
groups of MAPKs, p42/p44 ERK and p46/p54 JNK,
are downstream targets of PKC during hyperosmotic
stress in airway epithelial cells. The response to hy-
perosmotic stress was characterized by measuring
changes in Cl3 and K transport and cell Cl3 con-
tent (Cl3i ) and intracellular volume (Vi). The contri-
bution of Cl3 transporters in addition to NKCC1 to
changes in Cl3 £ux was also evaluated. The expres-
sion and regulation of ERK and JNK by K1-adren-
ergic stimulation and hyperosmotic stress and by
PKC were measured using speci¢c inhibitors. Lastly,
modulation of Cl3 uptake by inhibitors of MAPKs
was investigated. We report that hyperosmotic stress-
stimulated Cl3 uptake is mediated by NKCC1 and
that the stimulation involves PKC-N and ERK.
2. Methods and materials
2.1. Cell culture
Tissue was obtained from tracheas at the time of
autopsy through the Cystic Fibrosis Center, Case
Western Reserve University. Tracheal epithelial cells
were isolated and grown in cell culture in a de¢ned
medium consisting of a 1:1 mixture of Ham’s F12
and Dulbecco’s modi¢ed Eagle’s medium supple-
mented with insulin (5 Wg/ml), hydrocortisone (50
WM), epidermal growth factor (4 ng/ml), transferrin
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(5 Wg/ml), ¢bronectin (4 Wg/ml), selenium (10 nM),
5% newborn calf serum, penicillin (100 U/ml), and
streptomycin (100 Wg/ml). For measurement of cell
volume and electrolyte transport, freshly isolated
cells were seeded on 0.4 Wm pore size Transwell-Clear
polyester ¢lter inserts dishes (Corning Costar, Cam-
bridge, MA, USA) at a density of 2.0U106 cells.
Cells were incubated in a humidi¢ed CO2 incubator
at 37‡C. Culture medium was changed at 48 h inter-
vals until con£uence was reached. Con£uence was
assessed by microscopic examination of the cell
monolayer and by measurement of electrical resis-
tance across the cell monolayer (Rmono). Rmono was
quantitated using chopstick electrodes and EVOM
(Epithelial Voltohmmeter, World Precision Instru-
ments, New Haven, CT, USA). Values were cor-
rected for background resistance of ¢lter alone
bathed in medium. Cell monolayers were serum-de-
prived for 18 h prior to experiments.
2.2. Measurement of NKCC1 activity
NKCC1 activity was measured as bumetanide-sen-
sitive uptake of 36Cl or of 86Rb, a congener of K.
Cells were serum-deprived for 24 h prior to experi-
ments. After EVOM readings were taken, cells were
preincubated for 30 min at 32‡C following addition
of vehicle, 50 WM bumetanide or indicated inhibitor.
After preincubation, ¢lters were transferred to wells
containing 1 WCi 36Cl or 86Rb in HPSS to initiate
uptake of radiotracer across the basolateral mem-
brane. In£ux was terminated by rapidly immersing
¢lters four times in an ice-cold isotonic bu¡er con-
sisting of 100 mM MgSO4 and 137 mM sucrose [18].
Intracellular radioactivity was extracted by incubat-
ing cell monolayers in 0.1 N NaOH. Aliquots of
extract were assayed for radioactive counts by liquid
scintillation counting and for protein with a Brad-
ford assay kit using bovine serum albumin as the
standard. Intracellular radioisotopic content was cal-
culated as nmol Cl3/mg protein (36Cl) or nmol K/mg
protein (86Rb).
2.3. Measurement of intracellular Cl3 and volume
The equilibrium distribution of 14C-urea was used
to measure intracellular water space and of 36Cl to
measure intracellular Cl3 content. After incubation
overnight in serum-free culture medium, cell mono-
layers were washed twice in Hanks’ balanced salt
solution containing 10 mM N-2-hydroxyethylpipera-
zine-NP-2-ethanesulfonic acid (HEPES), pH 7.4
(HPSS) and incubated with HPSS containing 0.4
WCi 14C-urea and 1 WCi 36Cl for 1 h. Cells were ex-
posed to vehicle, 10 WM methoxamine, or su⁄cient
sucrose to raise medium osmolarity to 500 mOsm for
the time intervals indicated in the legends to tables
and ¢gures. Radiotracer £ux was terminated by
washing the cell monolayer rapidly four times in
ice-cold isotonic sucrose. Intracellular radioactivity
was extracted by incubating cells in 0.1 N NaOH.
Radioactivity in an aliquot of extract was determined
by scintillation counting and protein content by the
Bradford protein assay using bovine serum albumin
as the standard. The intracellular water space Vi (Wl/
mg protein) was calculated as Vi = (VoAi)/(Aom),
where Ai and Ao are the radioactivity of 14C-urea
in the cell lysate and incubation medium, respec-
tively, m is the protein content in the cell lysate,
and Vo is the volume of incubation medium in Wl
used for Ao. Intracellular Cl3 levels Cli (nmol/mg
protein) were calculated as Cli = (CloAi)/(Aom) where
Ai and Ao are the radioactivity of 36Cl in the cell
lysate and incubation medium, Clo is the amount
of Cl3 in nmol in an aliquot of incubation medium
and m is the protein content in the cell lysate. Intra-
cellular Cl3 concentration [Cl3]i (mM) was calcu-
lated as Cli/Vi.
2.4. Immunoblot analysis of MAPK isoforms
Western blot analysis of cell proteins was per-
formed on total cell lysates, as previously described
[1]. Aliquots of 20 Wg protein were subjected to gel
electrophoresis on 8% SDS gels and transferred to
Immobilin paper for immunoblot analysis using anti-
bodies to ERK1/2 and JNK, each at 1/1000 dilution.
Immunoreactive protein bands were visualized using
enhanced chemiluminescence detection.
2.5. Immunoprecipitation and measurement of
immune complex activity of PKC isotypes
HTEC were grown to con£uence on ¢lter inserts
and serum-deprived overnight. Sucrose was added to
the basolateral solution and the incubation continued
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for 10 min. Where indicated, cells were preincubated
for 20 min with 10 WM chelerythrine. Stimulation
was terminated by rapid immersion in ice-cold phos-
phate-bu¡ered saline (PBS). Cells were then har-
vested in 1 ml lysis bu¡er consisting of 100 mM
NaCl, 50 mM NaF, 50 mM Tris^HCl, pH 7.55,
1% NP-40, 0.25% sodium deoxycholate, 1 mM
EDTA, 1 mM EGTA, 1 mM Na orthovanadate
and the protease inhibitors as described below. Ly-
sates were clari¢ed by microcentrifugation at 4‡C for
20 min at 12 000Ug and incubated with antiserum
against a speci¢c PKC isotype, as previously de-
scribed [1]. Immune complexes were recovered using
protein G agarose beads that were prewashed and
resuspended in lysis bu¡er. Kinase activity of PKC
isotypes was measured by taking immunoprecipitates
to a ¢nal volume of 50 Wl in assay mixture (50 mM
Tris^HCl, pH 7.5, 10 mM L-mercaptoethanol, 10
mM MgSO4, 40 Wg/ml PtdSer, 0.1 WM PMA, 50
WM ATP, 10 Wg/ml histone-III, 3 WCi [Q-32P]ATP,
1 mM Na orthovanadate plus protease inhibitors)
and incubating at 30‡C for 15 min. The reaction
was terminated by addition of 30 Wl glacial acetic
acid. A 40 Wl aliquot was spotted on P-81 phospho-
cellulose paper, washed, and counted for radioactiv-
ity by Cerenkov counting.
2.6. Mitogen-activated protein kinase assays
HTEC were grown to con£uence on tissue culture
plastic, serum-deprived overnight and stimulated
with vehicle or drug of interest for the indicated
time intervals. Cells were washed with ice-cold PBS,
pH 7.4 then scraped into ice-cold lysis bu¡er. ERK
or JNK were puri¢ed by immunoprecipitation. Ac-
tivity of MAPK kinases was assayed after immuno-
precipitation with speci¢c antisera.
For ERK, cell lysates were prepared in 50 mM
Tris^HCl, pH 7.5, 100 mM NaCl, 50 mM NaF,
1% NP-40, 0.25% sodium deoxycholate, 1 mM
EDTA, 1 mM EGTA, 1 mM Na orthovanadate,
0.1 mM leupeptin, 1 mg/ml aprotinin, and 1 mM
4-(2-aminoethyl)benzenesulfonyl £uoride hydrochlo-
ride (AEBSF). Lysates were clari¢ed by centrifuga-
tion and incubated with 4 Wg anti-ERK2 antibodies
for 90 min at 4‡C and then for 1 h at 4‡C with constant
rotation after addition of protein A-Sepharose beads.
Immune complexes were suspended in kinase bu¡er
consisting of 20 mM MOPS, pH 7.2, 25 mM L-glyc-
erophosphate, 5 mM EGTA, 5 WM PKC inhibitor
(19^31), 0.4 WM PKA inhibitor and 5 WM KN-93,
5 mM dithiothreitol, 1 mM orthovanadate and pro-
tease inhibitors, as indicated above. The kinase assay
was initiated by addition of 6 WCi [Q-32P]ATP, 125
WM ATP, 20 Wg myelin basic protein, and 17 mM
MgCl2 and incubated at 30‡C for 10 min. The reac-
tion was stopped by addition of 40 Wl glacial acetic
acid. A 40 Wl aliquot of the reaction mixture was
spotted onto P-81 phosphocellulose paper, washed,
and prepared for scintillation counting. Results are
calculated as fmole phosphate incorporated into
myelin basic protein/min/mg protein.
The lysis bu¡er for JNK contained 20 mM
HEPES, pH 7.5, 50 mM NaCl, 2.5 mM MgCl2,
0.1 mM EDTA, 0.05% Triton X-100, and protease
inhibitors as listed above. Clari¢ed lysates were in-
cubated with 6 Wg anti-SAPK (JNK) antibodies and
immune complexes were recovered as described
above. Immune complexes were washed once in 10
mM PIPES, pH 7.0, 100 mM NaCl, 20 mg/ml apro-
tinin, 0.5% NP-40 (PAN), twice in high salt bu¡er
consisting of 10 mM PIPES, pH 7.0, 500 mM NaCl
plus protease inhibitors, and once in PAN bu¡er.
Immune complexes were resuspended in kinase bu¡-
er consisting of 25 mM HEPES, pH 7.5, 25 mM
L-glycerophosphate, 2.5 mM MgCl2, 1 mM EGTA,
1 ml dithiothreitol, and 3 mM orthovanadate, 14 WCi
[Q-32P]ATP, 40 WM ATP plus 1.5 Wg GST-JUN
(1^79). After incubation at 30‡C for 20 min, reac-
tions were terminated by addition of SDS Laemmli
bu¡er followed by boiling for 5 min. Proteins were
fractionated on 10% SDS^PAGE, Coomassie blue
stained and subjected to autoradiography [19]. Ex-
posed X-ray ¢lms were analyzed by laser densitom-
etry in a SciscanTM 5000 (United States Biochemi-
cal) using OS-Scan Image Analysis System software
package (Oberlin Scienti¢c).
2.7. Data analysis
Data are reported as mean þ S.E. Cli and Vi are
expressed in some ¢gures as a ratio of the experimen-
tal values for stimulated cells divided by the values
for unstimulated cells. To determine the level of sig-
ni¢cance, an unpaired t-test was performed using a
GraphPad Prism 3.0 computer program.
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2.8. Materials
86Rb (speci¢c activity 154 Bq/g Rb, 4200 Ci/g Rb),
[Q-32P]ATP (speci¢c activity 111 TBq/mmol, 3000 Ci/
mole) and an enhanced chemiluminescence kit were
purchased from Amersham Life Science. 36Cl (specif-
ic activity 260 MBq/g Cl3, 7.5 mCi/g Cl) was pur-
chased from ICN Radiochemical and 14C-urea (spe-
ci¢c activity 37 GBq/mmol) from NEN. Polyclonal
anti-PKC isotype-speci¢c antibodies, recombinant
PKC isotypes, GST-c-JUN (1^79) and a⁄nity-puri-
¢ed rabbit polyclonal antibodies directed against
ERK1, ERK2, and JNK1 were purchased from San-
ta Cruz Biotechnology. Antibodies to ERK2 also
recognized ERK1, hence we refer to immune com-
plexes as ERK kinase. Methoxamine HCl and bume-
tanide were purchased from Sigma. Rabbit polyclon-
al anti-rat stress-activated protein kinase (SAPK/
JNK1), ERK2 and Jun kinase assay kits, PKC in-
hibitor peptide (19^31) and PKA inhibitor peptide,
PKI-(5^22-NH2) were purchased from Upstate Bio-
technology (Lake Placid, NY, USA). PD098059 was
obtained from Calbiochem-Novabiochem (San Die-
go, CA, USA) and KN-93 from Research Biochem-
icals International (Natick, MA, USA). Tissue cul-
ture supplies were obtained from Gibco BRL (Grand
Island, NY). All other chemicals were reagent grade.
3. Results
Addition of su⁄cient sucrose to basolateral or ap-
ical bathing solution to increase medium osmolarity
from 280 to 500 mOsm signi¢cantly increased bume-
tanide-sensitive Cl3 uptake in HTEC (Table 1). Sim-
ilar results were obtained when NaCl was substituted
for sucrose (see Table 6 for comparison). Bumeta-
nide-insensitive Cl3 uptake decreased from 72.8%
of total uptake before application of sucrose to
47.3% after apical stimulation and to 45.4% after
basolateral stimulation. The decrease in the contribu-
tion of bumetanide-insensitive £ux contributing to
total £ux indicates that raising medium osmolarity
with sucrose stimulated NKCC1 activity. Bumeta-
nide-sensitive K uptake, measured as 86Rb uptake,
also increased with apical or basolateral addition of
sucrose. The stoichiometry of NKCC1 uptake can be
estimated from the uptake of 36Cl and 86Rb. In these
experiments, the Cl3 :K ratio was 2.1 in stimulated
cells, indicating a stoichiometry of 2 Cl3 to 1 K.
This stoichiometry matches that of a model for
NKCC1 depicting 1 Na :1 K :2 Cl3 uptake.
Other Cl3 transporters that could contribute to
radioisotopic Cl3 uptake include a Cl3/OH3 ex-
change, which is coupled to a Na/H exchange
pathway to mediate NaCl uptake. We evaluated the
activity of the two exchange pathways using blockers
that are considered selective for each, DIDS, an in-
hibitor of Cl3/OH3 exchange, and methylisopropy-
lamiloride (MAML), an inhibitor of Na/H ex-
change. In untreated cells, we detected a 23.5%
DIDS/MAML-sensitive Cl uptake that was not sig-
ni¢cantly stimulated by basolateral addition of su-
crose (Table 2). As a comparison for these experi-
ments, basolateral addition of sucrose increased
bumetanide-sensitive Cl3 uptake 2.4-fold and the
per cent bumetanide-sensitive £uxes by 1.9-fold.
These results indicate that hyperosmolarity does
Table 1
Hyperosmotic stress increases NKCC1 activity
Additive 36Cl uptake (nmol/mg protein) 86Rb uptake (nmol/mg protein) Ratio Cl3/K
Bumetanide-sensitive % Bumetanide-sensitive %
Baseline 20.9 þ 7.2 27.2 þ 6.6 15.2 þ 2.8 33.9 þ 6.8 1.4
Basolateral sucrose 61.2 þ 8.7** 49.5 þ 2.4** 26.0 þ 2.9** 60.4 þ 8.6* 2.3
Apical sucrose 59.7 þ 9.9* 52.7 þ 5.3** 33.4 þ 9.0* 59.1 þ 7.2* 1.8
HTEC were grown to con£uence on ¢lter inserts as described in Section 2. Where indicated, cell monolayers were preincubated for 30
min with 10 WM bumetanide (BMT). Uptake of 36Cl or 86Rb was initiated at the same time as addition of su⁄cient sucrose to raise
the osmolarity of apical or basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated after 2 min incubation with ra-
dioactive isotope, as described in Section 2. Bumetanide-sensitive £ux, which represents NKCC1 activity, was determined by subtract-
ing BMT-insensitive £ux from total £ux. Data are reported as mean þ S.E. for 3^7 independent cell cultures. Levels of signi¢cance:
*P6 0.05, **P6 0.02, ***P6 0.0001, compared to baseline data.
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not stimulate Cl3/OH3 and Na/H exchange path-
ways in HTEC.
Hyperosmotic stress causes cell shrinkage as a re-
sult of cell water loss in a majority of eukaryotic
cells. To assess the e¡ects of hyperosmotic stress on
HTEC, we measured intracellular Cl3 content (Cl3i )
and intracellular cell volume (Vi), using equilibrium
distribution of 36Cl and 14C-urea, as an indicator of
intracellular volume. Hyperosmolarity induced a bu-
metanide-sensitive decrease in Vi or Cl3i that was not
observed in cells treated with a vehicle of HPSS (Ta-
ble 3). As a control, cells were stimulated with the
K1-adrenergic agonist methoxamine, which has been
shown to activate NKCC1 [1,3]. As seen in Table 3,
methoxamine increased Vi from 7.8 to 9.1 Wl/mg pro-
tein and Cl3i from 353.3 to 426.4 nmol/mg protein
(P6 0.05). Bumetanide prevented the elevation in
Cl3i induced by methoxamine, indicating that activity
of NKCC1 was necessary for the observed increase
in Cl3i (Table 3). These results suggest that hyper-
osmotic stress increases the activity of NKCC1 with-
in 1 min and that this activity of NKCC1 maintains
Cl3i and Vi. Because equilibration of water across the
cell membrane might occur more quickly than urea
£uxes, we measured changes in Vi and Cl3i after 10
min incubation with sucrose. Vi is further reduced to
5.4 þ 0.5 Wl/mg protein (P6 0.02, compared to ve-
hicle) and Cl3i is elevated to 531.5 þ 39.2 nmol/mg
protein (P6 0.002, compared to vehicle and to
1 min). Vi after 10 min is very close to a predicted
Vi of 5.3 Wl for cells behaving as osmometers and
exposed to 500 mOsm. This compares with the loss
in Vi at 1 min of 1.7 Wl or 21.8% of vehicle-treated
cells. The data support the conclusion that native
HTEC act as osmometers but lose water relatively
slowly.
In previous reports, we demonstrated that PKC-N
was necessary for K1-adrenergic activation of
NKCC1 [2]. Pretreatment of native HTEC with the
general PKC inhibitor chelerythrine reduced the me-
Table 3
E¡ect of hyperosmolarity and K-adrenergic stimulation on Vi, Cl3i , and [Cl
3]i
Stimulant 3Bumetanide +Bumetanide
Vi Cl3i [Cl
3]i Vi Cl3i [Cl
3]i
Vehicle 7.8 þ 0.6 353.3 þ 25 47.3 þ 3 7.4 þ 0.5 382.0 þ 29 45.2 þ 1
Hyperosmolarity 6.1 þ 0.1 354.2 þ 15 52.7 þ 2 5.5*#; þ 0.2 281.6
# þ 33 51.7 þ 3
Methoxamine 9.1 þ 1 426.4* þ 12 50.0 þ 8 8.4 þ 0.7 400.7# þ 16 45.6 þ 5
Cells were grown to con£uence on ¢lter inserts as described in Section 2 and preincubated for 60 min with 36Cl and 14H-urea. Cells
were incubated for 1 min with HPSS (vehicle), with 10 WM methoxamine, or with su⁄cient sucrose to raise the medium osmolarity
from 280 mOsm to 500 mOsm. To stop solute £uxes, cell monolayers were washed rapidly in ice-cold MgSO4-sucrose supplemented
with bumetanide, solubilized in 0.1 N NaOH and assayed for radioactive counts and protein levels. Data are mean þ S.E. for 4^8 in-
dependent cell cultures. Units: Vi =Wl/mg protein; Cl3i = nmol/mg protein; [Cl
3]i = mM. Levels of signi¢cance: *P6 0.05 compared to
vehicle-treated cells ; #P6 0.008 compared to paired experimental condition in the absence of bumetanide.
Table 2
Cl3 uptake via DIDS-sensitive exchange pathway is not stimulated by hyperosmotic stress
Additive 36Cl uptake (nmol/mg protein)
Bumetanide-sensitive % bumetanide-sensitive DIDS/MAML-sensitive % DIDS/MAML-sensitive
Vehicle 78.3 þ 22.9 (8) 27.8 þ 4.1 (8) 55.2 þ 10.9 (11) 23.5 þ 14.1 (11)
Sucrose 184.2 þ 12.7 (4)* 54.9 þ 2.0 (4)** 46.4 þ 1.8 (3) 20.4 þ 3.5 (3)
HTEC were grown to con£uence on ¢lter inserts. Where indicated, cell monolayers were preincubated for 30 min with a combination
of 0.1 mM DIDS and 1 WM MAML or with 50 WM bumetanide. Uptake of 36Cl was initiated at the same time as addition of su⁄-
cient sucrose to raise the osmolarity of basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated after 2 min incu-
bation with radioactive isotope, as described in Section 2. Inhibitor-sensitive £ux was determined by subtracting inhibitor-insensitive
£ux from total £ux. Total uptake in cells treated with vehicle of HPSS and in the absence of bumetanide was 206 þ 38 nmol/mg pro-
tein (n = 10). Data are reported as mean þ S.E. for the number of independent cell cultures indicated in parentheses. Levels of signi¢-
cance: *P6 0.01, **P6 0.001, compared to vehicle-treated cells.
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thoxamine-mediated increase in Cl3i from 426.4 nm/
mg protein to 321.0 þ 13.3 nmol/mg protein (n = 3)
(P6 0.001). These results agree with previous studies
which showed that the activity of PKC-N is necessary
for activation of NKCC1. To determine whether the
activity of PKC-N was involved in the response to
hyperosmotic stress, we measured the kinase activity
of immune complexes of PKC-N and, as a control,
PKC-j. The results, shown in Fig. 1, show that hy-
perosmotic stress increased the activity of PKC-N and
that this e¡ect was inhibited by calphostin, a general
PKC inhibitor. The activity of PKC-j was unaf-
fected. The results point to PKC-N as an e¡ector
enzyme in the response to hyperosmotic stress.
3.1. MAPK kinases in human tracheal epithelial cells
One mechanism for PKC-N-dependent regulation
of NKCC1 could involve activation of a MAPK as
a downstream target. HTEC that were probed with
a⁄nity-puri¢ed polyclonal antibodies to ERK or
JNK showed immunoreactive protein bands that cor-
responded to the molecular mass of these enzymes
(Fig. 2A). We directly measured the activity of ERK
after stimulation with 10 WM methoxamine or with
su⁄cient NaCl to increase the medium osmolarity to
500 mOsm. The results are reported in Table 4.
NaCl, but not methoxamine, signi¢cantly increased
ERK activity. ERK activity attained maximal levels
after 1 min incubation and remained elevated for
10 min then declined to a new steady-state level of
271.4 þ 33.9 (n = 3) fmol/min/mg protein after 15 min
incubation.
To determine whether PKC activity was necessary
for activation of ERK, we used CGP-41251, a gen-
eral PKC inhibitor. Pretreatment with 10 WM CGP-
41251 reduced the NaCl-stimulated ERK activity
from 452.9 fmol/min/mg protein to 253.7 þ 48.6
(n = 3) fmol/min/mg protein (P6 0.04, compared to
1 min). NaCl-induced activation of ERK could be
mediated through a signaling cascade that requires
an upstream kinase, MEK. To determine whether
this cascade is necessary for elevated ERK activity,
we examined the e¡ects of a speci¢c MEK inhibitor
PD98059 on ERK activity and 36Cl uptake. Pretreat-
ment with 25 WM PD98059 decreased the hyperos-
Table 4
Hyperosmolarity stimulates ERK kinase activity in HTEC
Time (min) Kinase activity (fmol/min/mg protein)
Vehicle Methoxamine Hyperosmotic stress
1 237.5 þ 18.7 (4) 191.1 þ 26.8 (5) 452.9 þ 65.4 (6)*
2 214.1 þ 49.2 (4) 250.8 þ 39.3 (4) N.D.
10 223.4 þ 29.3 (5) 278.4 þ 40.4 (5) 405.4 þ 54.2 (5)*
Cells were incubated with HPSS (vehicle), methoxamine at a ¢nal concentration of 10 WM or, for hyperosmotic stress, su⁄cient NaCl
to raise the medium osmolarity to 500 mOsm. Cell monolayers were stimulated for the indicated time periods then rapidly cooled and
lysed, as described in Section 2. ERK was isolated as an immune complex and kinase activity of immunoprecipitated enzyme was
measured the same day as cell fractionation procedures. Immune complex kinase activity was measured as described in Section 2.
Methoxamine did not a¡ect the activity of ERK. However, hyperosmotic stress rapidly increased ERK activity. Values are
mean þ S.E. for the number of independent determinations in parentheses. Levels of signi¢cance: *P6 0.02 compared to vehicle.
Fig. 1. Hyperosmotic stress increases activity of PKC-N, but not
PKC-j, in native HTEC. HTEC were grown to con£uence on
¢lter inserts and pretreated, where indicated, with 10 WM che-
lerythrine for 20 min. Sucrose or HPSS (vehicle) was added to
the basolateral medium and the incubation continued for 10
min. Stimulation was terminated by rapidly immersing ¢lters in
ice-cold PBS. PKC-N or PKC-j was immunoprecipitated using
polyclonal antibody to the PKC isotype, and kinase activity of
immune complexes was measured as described in Section 2.
Data are reported as mean þ S.E of three independent experi-
ments. Levels of signi¢cance: *P6 0.05 compared to control
cells treated with vehicle; #P6 0.04 compared to cells treated
with methoxamine alone.
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motic-induced ERK activity to 232.9 þ 11.2 (n = 3)
(P6 0.02) fmol/min/mg protein, a level not signi¢-
cantly di¡erent than after treatment with vehicle,
and increased a PD98059-sensitive component of
36Cl uptake. As seen in Table 5, PD98059-sensitive
36Cl uptake increased 6.4-fold in cells treated with
NaCl and 5.2-fold in cells treated with sucrose.
PD98059 did not signi¢cantly alter 36Cl uptake in
HTEC incubated with vehicle. The increase in
PD98059-sensitive Cl3 uptake indicates that activa-
tion of MEK is involved in a signaling mechanism
leading to hyperosmotic-stimulated NKCC1 activity.
The bumetanide-sensitive component was the same
with both hyperosmotic stimuli, indicating that
NKCC1 activity was increased by medium osmolar-
ity rather than organic osmolyte alone. An increase
in per cent bumetanide-sensitive £ux indicates that,
in these experiments, hyperosmolarity activated
NKCC1. The results from this series of experiments
imply that hyperosmotic stress activates ERK
through a signaling cascade with PKC upstream
from ERK.
Because JNK activity has been associated with
stress in some cells, the e¡ect of hyperosmotic stress
on JNK in HTEC was next assessed. Immunoblot
analysis of lysates from cells treated with methox-
amine or with NaCl showed no signi¢cant e¡ect of
stimulation on mass distribution (Fig. 2B). Methox-
amine and NaCl did not stimulate JNK phosphory-
lation of a speci¢c substrate GST-Jun (5^89), indicat-
ing lack of enzyme activation (Table 6). To con¢rm
that JNK expressed in HTEC could be stimulated,
cells were treated with anisomycin, a known activa-
Table 5
Inhibitor of ERK activation blocks stimulation of 36Cl uptake by hyperosmotic stress
Stimulant 36Cl uptake (nmol/mg protein)
No inhibitor Bumetanide-sensitive PD98059-sensitive
Vehicle 206.1 þ 38.4 (8) 78.3 þ 22.9 (3), 27.8% 18.8 þ 1.2 (3), 7.3%
NaCl 321.3 þ 26.6 (5) 172.0 þ 15.6 (5)#, 55.1% 133.9 þ 32.9 (5)*, 60.7%
Sucrose 335.2 þ 14.3 (4) 184.2 þ 12.7 (4)#, 54.9% 116.1 þ 22.5 (3)*, 43.9%
HTEC were grown to con£uence on ¢lter inserts. Where indicated, cell monolayers were preincubated for 30 min with 50 WM bumeta-
nide or 25 WM PD98059, an inhibitor of ERK activation. Uptake of 36Cl was initiated at the same time as addition of HPSS (vehicle)
or su⁄cient NaCl or sucrose to raise the osmolarity of the basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated
after 2 min incubation with radioactive isotope, as described in Section 2. Inhibitor-sensitive £ux was determined by subtracting inhib-
itor-insensitive £ux from total £ux. Data are reported as mean þ S.E. for the number of independent cell cultures indicated in paren-
theses. Percentages refer to portion of 36Cl uptake that contributes to total uptake. Levels of signi¢cance: #P6 0.01 compared to bu-
metanide-sensitive £ux in cells treated with vehicle; *P6 0.05 compared to PD98059-sensitive £ux in cells treated with vehicle.
Fig. 2. Regulation of JNK kinase in primary HTEC. (A) Ex-
pression of ERK and JNK. Cell lysates were harvested and 20
Wg aliquots were subjected to electrophoresis on 8% SDS^
PAGE. Polypeptide bands were transferred to Immobilin paper
for immunoblot analysis with a⁄nity-puri¢ed polyclonal anti-
body. (B) E¡ect of K-adrenergic stimulation and hyperosmotic
stress on JNK. Con£uent cell monolayers were incubated in se-
rum-free culture medium for 24 h before subsequent stimulation
with HPSS (vehicle), 10 WM methoxamine, or hyperosmotic me-
dium (NaCl). Activity of PKC was blocked in indicated sam-
ples by preincubation with 10 WM calphostin. Stimulation was
stopped by rapidly siphoning o¡ culture medium and washing
twice with ice-cold PBS. Cells were lysed in hypotonic bu¡er
and harvested. Immunoblot analysis was performed on aliquots
of 20 Wg with a⁄nity-puri¢ed antibody to JNK. The density of
exposed bands was quantitated by laser densitometry (LD) and
calculated as a ratio of units in experimental samples divided
by units in vehicle-treated cells. Results represent 2^3 indepen-
dent experiments.
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tor of the JNK pathway [20]. Anisomycin signi¢-
cantly increased the activity of JNK, thus, we con-
clude that airway epithelial JNK can be stimulated
(Table 6).
4. Discussion
These studies provide the ¢rst evidence that hyper-
osmotic stress in human tracheal epithelial cells acti-
vates NKCC1 and that this activation involves PKC-
N and ERK. In addition, previous reports on induc-
tion of bumetanide-sensitive Cl3 or K £ux by hy-
perosmolarity in tracheal epithelial cells [5,6] are ex-
panded, for the ¢rst time, to investigate the role for
other Cl3 transporters during hyperosmotic stress.
Cell shrinkage induced by hyperosmolarity in some
cells, such as erythrocytes, lymphocytes, and Ehrlich
ascites tumor cells [21] can activate electrically silent
Na/H exchange in conjunction with Cl3/
OH3(HCO33 ) exchange. The ion exchangers respond
by mediating uptake of Na and Cl3 and osmoti-
cally obligated water to allow volume adjustment
toward normal in shrunken cells. The two exchange
pathways are expressed functionally in HTEC (Table
2) but do not contribute to the cellular response to
hyperosmotic stress. Hence, we conclude that activa-
tion of NKCC1 is a critical and major response to
hyperosmolarity in HTEC.
In comparison to hormonal stimulation, volume
adjustment to hyperosmolarity lags behind the stim-
ulus. Methoxamine treatment increased Cl3i and Vi,
indicating isosmotic uptake of ions and of osmoti-
cally obligated water (Table 3). Inhibition of the cel-
lular response by bumetanide demonstrates a role for
NKCC1. A role for NKCC1 in the response to hy-
perosmolarity is evident from the e¡ects of bumeta-
nide, which prevents maintenance of Cl3i . Thus, bu-
metanide blocks isosmotic uptake of ions by NKCC1
and of osmotically obligated water that would be
expected to follow ion uptake. Vi is therefore re-
duced.
Our previous studies demonstrated that activation
of airway epithelial NKCC1 by K1-adrenergic agonist
leads to increased activity of two PKC isotypes,
PKC-N and PKC-j. Using an antisense oligonucleo-
tide approach, we identi¢ed and characterized a crit-
ical role for PKC-N [1,2,4]. Non-receptor-mediated
activation of NKCC1 mediated through hyperos-
motic stress also increased the activity of PKC-N,
but not PKC-j (Fig. 1). In epithelia of the trachea-
bronchus and small intestine, PKC-N has been asso-
ciated with activation of two MAPKs, JNK [14] and
ERK [20], respectively. As shown in this study, the
activity of ERK, but not JNK, increased after expo-
sure of HTEC to hyperosmotic stress. Activation of
ERK is rapid, occurring at V1 min after stimu-
lation, followed by a decline to basal levels after 10
min. The activity of PKC-N, but not PKC-j, was also
signi¢cantly elevated at this early time, suggesting
that PKC-N might be an upstream activator of
ERK. Hyperosmolarity and receptor-mediated stim-
ulation can each produce rapid activation of MAPKs
in epithelial cells. Acute exposure to hyperosmolarity
causes rapid activation of ERK2 in MDCK cells; the
response is blocked by inhibition or downregulation
of PKC [7]. Similarly, K1-adrenergic stimulation of
cardiac myocytes increases Na-K-2Cl3 cotran-
sport and ERK2 [10]. Hyperosmotic-induced 36Cl
uptake in HTEC is also blocked by PD98059, a se-
Table 6
JNK activity in HTEC is una¡ected by hyperosmotic stress or
K1-adrenergic stimulation
Treatment 32P incorporation in GST-Jun (5^89)
Time
(min)
32P incorporation
(cpm/mg lysate protein)
Vehicle 5 40.2 þ 13.8 (3)
Methoxamine 5 40.6 þ 11.6 (3)
Hyperosmolarity 5 58.6 þ 11.4 (3)
Vehicle 30 49.6 þ 8.0 (3)
Methoxamine 30 31.2 þ 6.9 (3)
Hyperosmolarity 30 42.3 þ 10.3 (3)
Anisomycin 30 126.7 þ 21.8 (3)*
Primary cultures of HTEC were grown to con£uence on 30 mm
tissue culture plastic dishes. Cells were stimulated for the indi-
cated time periods with HPSS (vehicle), 10 WM methoxamine,
or su⁄cient NaCl to increase medium osmolarity to 500 mOsm
or 10 WM anisomycin. Immune complexes of JNK1 were recov-
ered from detergent-extracted cells and tested for kinase activity
in a reaction mixture containing GST-Jun (1^169) as the sub-
strate for phosphorylation. Phosphorylated substrate was sepa-
rated on 10% SDS^PAGE gels and detected by autoradiogra-
phy. Exposed protein bands were cut from the dried gel and
radioactivity quantitated by Cerenkov counting. Data are re-
ported as mean þ S.E. for the number of independent cell cul-
tures tested. Levels of signi¢cance: *P6 0.004 compared to ve-
hicle.
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lective MEK-1 inhibitor, an upstream activator of
ERK (Table 5). The data of Table 2 imply that hy-
perosmolarity stimulates 36Cl uptake predominantly
via NKCC1. Hence, inhibition of uptake by
PD98059 suggests a negative feedback mechanism
from ERK to cotransporter. Hormonal stimulation
of epithelial cells can also activate multiple MAPK
signaling pathways, as reported for ATP and UTP
stimulation of P2u purinoreceptors in renal mesangial
cells. ATP and UTP activate ERK [22] and JNK
[23], but the signaling pathways are quite divergent
as seen by PKC dependence of ERK2 activation that
is absent during JNK activation. ERK2 activation is
linked to a mitogenic response, but the long term
e¡ects of JNK are still not well understood.
The downstream e¡ects of ERK2 activation in
HTEC are not known; however, at the concentra-
tions of sucrose and NaCl used in these studies, via-
bility was una¡ected. In mIMCD3 cells exposed to
500 mOsm/kg H2O NaCl for 4 h, protein and RNA
synthesis is greatly inhibited although cell viability
and adherence appear normal [24]. Increasing hyper-
osmolarity s 700 mOsm/kg H2O decreased cell via-
bility by a slowing in cell cycle progression at the G2/
M phase. In in vivo airways, hyperosmotic stress
may be experienced due to chronic dehydration of
airway surface liquid (also failure to maintain airway
liquid balance) or to increasing concentrations of im-
permeant osmolytes in airway surface liquids. Both
sources of hyperosmotic stress challenge the lungs of
cystic ¢brosis patients. In cystic ¢brosis, airway epi-
thelial cells fail to maintain an optimal mucociliary
£uid layer because of abnormally high Na absorp-
tion and lack of Cl3 secretion. Compounding the
genetic error in electrolyte transport is a hypersecre-
tion of mucus and chronic infection of lower airways
with bacteria, both could raise the osmolarity of mu-
cus, with long term e¡ects of expression of NKCC1
or CFTR.
Studies of adaptation to osmotic stress implicate
MAPKs in early, acute responses to hyperosmolarity
but not to a longer term response. mIMCD3 cells
acclimated to 300 mOsm/kg H2O and acutely ex-
posed to 600 mOsm/kg H2O displayed a marked
and brisk increase in activity of ERK2, JNK, and
p38; this response was signi¢cantly blunted in cells
adapted to 600 mOsm/kg H2O [25]. A recent study of
long term exposure to hyperosmotic stress describes
di¡erential responses of human and rabbit corneal
epithelial cells [26]. Both cell lines mediate NKCC1-
dependent RVI to hypertonic stress that is inhibited
after 24 h exposure to hypertonic medium. Exposure
of human cells to media of tonicity 9350 mOsm
signi¢cantly stimulated cell proliferation, suggesting
activation of MAPKs due to sustained cell shrinkage.
However, at tonicity s 350 mOsm, rabbit cells
adapted better than human cells as assessed by up-
regulation of NKCC gene and protein expression
and functional activity. These responses were absent
in human cells. Activation of MAPKs during hyper-
tonicity was associated with control of NKCC1 ac-
tivity; however, the exact signaling mechanisms that
account for cell volume regulation and proliferation
during acute responses and for increased NKCC1
gene expression during chronic hyperosmotic stress
are not known. Studies with laboratory rats also di-
rectly implicate NKCC1 as having a critical role in
adaptation to chronic hyperosmolarity. Dehydration
of laboratory rats for 2 days, which mimics hyper-
osmotic shock, increased NCKK1 expression 3^5-
fold mainly in renal outer medullary collecting ducts
[27].
New information from our study and reports of
hyperosmotic stress in other epithelial cells suggest
that an acute response by HTEC involving activity
of PKC-N and ERK is necessary for cells to survive
the acute stress. Activation of an ERK signaling cas-
cade may also be important for long term adapta-
tion. However, long term adaptation is more compli-
cated and might involve increased expression of
NKCC1 mRNA and protein. Indeed, expression of
other electrolyte transport proteins can be altered as
seen in the response of secretory epithelia of the co-
lon and trachea to hyperosmolarity. Treatment of
Calu-3 human airway epithelial cells and T84 and
HT-29 human colonic epithelial cells with s 150
mOsm/l NaCl, urea or mannitol for 24 h reduced
the amount of CFTR mRNA [13]. A p38 MAPK
cascade was required for the response. Epithelial
cell survival, then, might require a decrease in
CFTR mRNA and an increase in NKCC1 mRNA
and protein. The integration of PKC-N and MAPK
signaling cascades in human airway epithelial cells
becomes critical for determining cellular responses
during acute and chronic hyperosmotic stress. Appli-
cation of these new ¢ndings to chronic pulmonary
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diseases, such as cystic ¢brosis, asthma, and chronic
bronchitis, is necessary for the development of new
interventions to improve pulmonary function.
Acknowledgements
The authors thank Dr. Gary Landreth for sugges-
tions and discussions. The research was supported by
a grant from the National Institutes of Health, HL-
58598.
References
[1] C.M. Liedtke, T. Cole, M. Ikebe, Di¡erential activation of
PKCN and -j by K1-adrenergic stimulation in human airway
epithelial cells, Am. J. Physiol. Cell Physiol. 273 (1997)
C937^C943.
[2] C.M. Liedtke, T. Cole, Antisense oligodeoxynucleotide to
PKCN blocks K1-adrenergic activation of Na-K-2Cl3 co-
transport, Am. J. Physiol. Cell Physiol. 273 (1997) C1632^
C1640.
[3] C.M. Liedtke, T. Cole, PKC signalling in CF/T43 cell line:
regulation of NKCC1 by PKC-N, Biochim. Biophys. Acta
1495 (2000) 24^33.
[4] C.M. Liedtke, D. Cody, T.S. Cole, Di¡erential regulation of
Cl3 transport proteins by PKC in Calu-3 cells, Am. J. Phys-
iol. Lung Cell. Mol. Physiol. 280 (2001) L739^L747.
[5] C.M. Liedtke, L. Thomas, Phorbol ester and okadaic acid
activation of Na-2Cl3-K cotransport in rabbit tracheal
epithelial cells, Am. J. Physiol. Cell Physiol. 271 (1996)
C338^C346.
[6] M. Haas, D. McBrayer, J. Yankaskas, Dual mechanisms for
Na-K-Cl3 cotransport regulation in airway epithelial
cells, Am. J. Physiol. Cell Physiol. 264 (1993) C189^C200.
[7] T. Itoh, A. Yamauchi, A. Miyai, K. Yokoyama, T. Kamada,
N. Ueda, Y. Fujiwara, Mitogen-activated protein kinase and
its activator are regulated by hypertonic stress in Madin-
Darby canine kidney cells, J. Clin. Invest. 93 (1994) 2387^
2392.
[8] Y. Terada, K. Tomia, M.K. Homma, H. Nonoguchi, T.
Yang, T. Yamada, Y. Yuasa, E. Krebs, S. Sasaki, F. Ma-
rump, Sequential activation of Raf-1 kinase, mitogen-acti-
vated protein (MAP) kinase kinase, AP kinase, and S6 ki-
nase by hyperosmolality in renal cells, J. Biol. Chem. 269
(1994) 31296^31301.
[9] Z. Zhang, D.M. Cohen, NaCl but not urea activates p38 and
jun kinase in mIMCD3 murine inner medullary cells, Am. J.
Physiol. Renal Fluid Electrolyte Physiol. 271 (1996) F1234^
F1238.
[10] G.Ò. Anderson, M. Enger, G.H. Thoresen, T. Skomedal,
J.-B. Osnes, K1-Adrenergic activation of myocardial Na-
K-2Cl3 cotransport involving mitogen-activated protein ki-
nase, Am. J. Physiol. Heart Circ. 275 (1998) H641^H652.
[11] S.N. Orlov, N.O. Dulin, F. Gagnon, M. Gekle, J.G. Doug-
las, J.H. Schwaartz, P. Hamet, Purinergic modulation of
Na,K,Cl3 cotransport and MAP kinases in limited to
C11-MDCK cells resembling intercalated cells from collect-
ing ducts, J. Membr. Biol. 172 (1999) 225^234.
[12] J.D. Klein, S.T. Lamitina, W.C. O’Neill, JNK is a volume-
sensitive kinase that phosphorylates the Na-K-Cl3 co-
transporter in vitro, Am. J. Physiol. Cell Physiol. 277
(1999) C425^C431.
[13] M. Baudouin-Legros, F. Brouillard, M. Cougnon, D. Ton-
delier, T. Leclerc, A. Edelman, Modulation of CFTR gene
expression in HT-29 cells by extracellular hyperosmolarity,
Am. J. Physiol. Cell Physiol. 278 (2000) C49^C56.
[14] H. Vuong, T. Patterson, P. Shapiro, D.V. Kalvakolanu, R.
Wu, W.Y. Ma, Z. Dong, S.R. Kleeberger, S.P. Reddy, Phor-
bol ester-induced expression of airway squamous cell di¡er-
entiation marker SPRR1B, is regulation by protein kinase C
delta/Ras/MEKK1/MKK1-dependent/AP-1 signal transduc-
tion pathways, J. Biol. Chem. 275 (2000) 32250^32259.
[15] M.R. Frey, O. Leontieva, D.J. Watters, J.D. Black, Stimu-
lation of protein kinase C-dependent and -independent sig-
naling pathways by bistratene A in intestinal epithelial cells,
Biochem. Pharmacol. 61 (2001) 1093^1100.
[16] P. Ping, J. Zhang, S. Huang, X. Cao, X.-L. Tang, R.C.X. Li,
Y.-T. Zheng, Y. Qiu, A. Clerk, P. Sugden, J. Han, R. Bolli,
PKC-dependent activation of p46/p54 JNKs during ischemic
preconditioning in conscious rabbits, Am. J. Physiol. Heart
Circ. Physiol. 277 (1999) H1771^H1785.
[17] R.C. Li, P. Ping, J. Zhang, W.B. Wead, X. Cao, J. Gao, Y.
Zheng, S. Huang, J. Han, R. Bolli, PKC epsilon modulates
NF-kappaB and AP-1 via mitogen-activated protein kinases
in adult rabbit cardiomyocytes, Am. J. Physiol. Heart Circ.
Physiol. 279 (2000) H1679^H1689.
[18] K. Dharmsathaphorn, J.L. Madara, Established intestinal
cell lines as model systems for electrolyte transport studies,
Methods Enzymol. 192 (1990) 354^389.
[19] J.K. Westwick, A.E. Bielawska, G. Dbaibo, Y.A. Hannun,
D.A. Brenner, Ceramide activates the stress-activated pro-
tein kinases, J. Biol. Chem. 270 (1995) 22689^22692.
[20] B. De¤rijard, M. Hibi, L.-H. Wu, T. Barrett, B. Su, T. Deng,
M. Karin, R.J. Davis, JNK1: a protein kinase stimulated by
UV light and Ha-Ras that binds and phosphorylates the
c-JUN activation domain, Cell 76 (1994) 1025^1037.
[21] B. Sarkadi, J.C. Parker, Activation of ion transport path-
ways by changes in cell volume, Biochim. Biophys. Acta
1071 (1991) 407^427.
[22] A. Huwiler, J. Pfeilschifter, Stimulation by extracellular ATP
and UTP of the mitogen-activated protein kinase cascade
and proliferation of rat renal mesangial cells, Br. J. Pharma-
col. 113 (1994) 1455^1463.
[23] A. Huwiler, G. van Rossum, M. Wartmann, J. Pfeilschifter,
Stimulation by extracellular ATP and UTP of the stress-ac-
tivated kinase cascade in rat renal mesangial cells, Br. J.
Pharmacol. 120 (1997) 807^812.
BBAMCR 14838 21-2-02
C.M. Liedtke, T.S. Cole / Biochimica et Biophysica Acta 1589 (2002) 77^88 87
[24] B.C. Santos, A. Chevaile, M.J. Hebert, J. Zagajeski, S.R.
Gullans, A combination of NaCl and urea enhances survival
of IMCD cells to hyperosmolality, Am. J. Physiol. Renal
Physiol. 274 (1998) F1167^F1173.
[25] J.M. Capasso, C.J. Rivard, T. Berl, Long-term adaptation of
renal cells to hypertonicity: role of MAP kinases and Na-
K-ATPase, Am. J. Physiol. Renal Physiol. 280 (2001)
F768^F776.
[26] V.N. Bilden, H. Yang, R.B. Crook, J. Fischbarg, P.S.
Reinach, Adaptation by corneal epithelial cells to chronic
hypertonic stress depends on upregulation of Na :K :2Cl3
cotransporter gene and protein expression and ion transport
activity, J. Membr. Biol. 177 (2000) 41^50.
[27] M. Ikebe, H. Nonguchi, Y. Nakayama, Y. Tashima, K.
Tomita, Upregulation of the secretory-type Na/K/2Cl3-
cotransporter in the kidney by metabolic acidosis and
dehydration in rats, J. Am. Soc. Nephrol. 12 (2001) 423^
430.
BBAMCR 14838 21-2-02
C.M. Liedtke, T.S. Cole / Biochimica et Biophysica Acta 1589 (2002) 77^8888
